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Introduction & Motivation

= |nreactions with nuclei in-medium parton 2.
showers are the cornerstone of the physics of ’
hard probes — high p hadrons, jets, heavy fl.

= The associated phenomena were dubbed jet _
quenching and established in a myriad of i
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The splitting kernels

Gribov et al. (1972)

G. Altarelli et al. (1977)
Y. Dokshitzer (1977)

= |n SCET splitting functions
are related to beam (B) and
jet (J) functions in SCET

W. Waalewjin. (2014)
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= In general, knowledge of branching
processes is necessary for higher order
and resumed calculations

= Also essential ingredient for MC event
generators



Lightcone wave functions and

parton branchings

A.

Example A = The technique of lightcone wavefunctions
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Branchings depending on the intrinsic momentum of the splitting x = & — ap.
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= Certain advantages — can provide in “one shot” both massive and

massless splitting functions
» Have checked that results agree for massless and massive DGLAP



l. In-medium parton showers

4 THEN 4

MIRACL
OLCuURS

“I think you should be more explicit here in
step two.




Theoretical framework

The theoretical framework is
completely general —it is applicable
for both cold nuclear matter and the
QGP.

= Thisis achieved by isolating the
medium in transport parameters and
universal gluon-mediated interactions

f o » G G ~
L’ODGC. = L’QC‘I) 5 3 Lglt + ﬁgrt o L’G}’— + s
] 2 do-f‘l 1 C‘ : ;
2 geff _ " [_, 2112
v(gr) — — . %0 (27)2 2N v(qr)]
q% + /»12 d q ('- ) ‘-‘*\c

In deep inelastic scattering
(DIS) the lowest order
processes involve prompt
quark. Even at NLO the prompt

gluon jet contribution is small

M. Sievert etal .
(2018), (2019)
1
— <~ AT~ LY
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The limit we are
interested in

Note that the leading subeikonal corrections

have also been computed (not covered here) A. Sadofyev etal. (2021)



Opacity expansion building
blocks — direct and virtual terms

e (e IO 0y, N
Dy= 4’—\§ 57 D= —< %{\ Dg= é >

= |nteraction in the amplitude and
the conjugate amplitude (Direct).
Two in the amplitude or the Representative

: - forward cut diagram.
ccijLeziie LuliLel Propagators hicglje in
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= Vitruallity changes enter the interference ¢ G ovanesyanetal . (2011)

phases and are related to the propagators
Z.Kang et al . (2016)



Non-local physics and coherence

Let’s try to evaluate the formation

Vacuum Medium _
time of the (soft) gluon att
@k’c M
M; x M & >0
: ’ é@ i @0 b i 7 b l B "
E@éﬁ . & g 0%% g " p
P é gJFJUUZTO'6566'66’66@@6’66‘6@666%@06?6‘6@6“ K
g g g C
nsider the formation times in &~ &= &= 5. "
" Consider the formation times 1,41 osd2 (3,43 (4,84 (s5d5

the soft gluon emission limit

1 2w 1 20

LPM ~L/tf  37= = Tform = k2 AE = lform = (k—a:-45) 2

" Inthe case of a medium we cannot guess from its final distribution. In fact
future interactions can in fact affect this formation time and how the
system in turn will interact. (This is a quantum coherent effect.)

= This also shows right away the difficulty of implementing LPM parton

showers in time-ordered MCs



Master equation — matrix form

. AR ! !UL‘\_’:_;&?
= Coloris not entangled, ﬂ | _‘AD—} —
homogeneous structure and -

multiplicative factors thatcanbe | (¥ ’fj@; - 4/*@ 1 ’“‘X . } +
algebraically treated L 2 L3 3 ot
= Finally, relative to the splitting & | & | =
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= Upper triangular structure. Suggests specific strategy how to solve it.
Calculated: initial conditions, kernels, and wrote a Mathematica
code to solve it



Full in medium splitting

= Full massless and massive in-medium splitting
functions now available to first order in opacity

» SCET-based effective theories also created to
solve this problem

= Direct sum

dN(tot) dN(vac.) dN(med.)

2 - 2 + 2
dxd’k, ~ dxd*, = dxd’k,
Representative example
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Done of course for all splitting functions



Differential branching spectra

In-medium parton showers are softer than the ones in the vacuum. There is
even more soft gluon emission — medium induced scaling violations,
enhancement of soft branching
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Jet substructure — splitting

functions

In-medium splitting functions can
be measured directly through
observables

Soft dropped momentum sharing

distributions zy- min(pripry) <

PT1 + PT2

PT2
— rg= AR,
\/ pTl
Directly proportional to the

splitting functions, +
resummation for small angles

1.6

PbPb/p

PbPb/pp

The softer in-medium
branching is directly
observed!

12 F

A. Larkoski et al. (2015)
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Sudakov Factor

H. Li et al. (2018)
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Differential branching spectra

In-medium parton showers are broader than the ones in the vacuum. There
is even more large — angle gluon emission. The effect of heavy quark masses
(“dead cone” effect) is also enhanced.
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k.

Jet substructure — jet shape

ki =p{tant z(1 — z) . Z E"I,
= pi tan fa Integral jet shape U (r) = S din<r 7T
:pjtan%ﬁ(lfm) Z T E’% 1
1, Gin

N
Differential A¥(r) 1 = UTK(r + 6r/2) — Uhack(r — 6r/2)

Jet shape Ar Ny or

Y. Chien et al. (2015)

16— 71— i T
0 Vi =276 TeV CNM only
14F R=0.3,0.3<| 5 [<2 CNM+R 4
-~ pr>100GeV All effects ]
1.2 centrality 0-10%
0 ()PP
Expressed from jet functions, (P O E S { ************
themselves computed from p 0sl {
integrals of the splitting functions f
0.6 - CMS
The broader in-medium T
. . . 0.00 0.05 0.10 0.15 0.20 0.25 0.30
branching is directly observed! .
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. EIC examples

"I'm firmly convinced that behind every
great man is a great computer.”




|. Hadron production in eA

In-medium splitting functions provide correction to vacuum showers and
correspondingly modification to DGLAP evolution for FFs

Integrate out the space-time 2-5E-=-. -
. . . . . i\ —-B
information. All applications in 20 - coD0 ]
R ~--—— +
momentum space PRNIL N e
ADy(2,Q)  as(@) ['d , : , : Q PNy
ihQ o« / 7 (Pl QD (5.@) + P QD) (5:) }. 2\ A ""3‘\\\
ADs(2.Q) _ ai(@) [*dz / : / z Q R \‘\:‘\w
e = | TPt @0 (5.0) 4 Powl @ (5.0) ) PN
dDy( Q) _ (@) [ d : 0 R NN
dglné) _ Sw /Z Z/{Pg%gg(Z’,Q)DgQ,Q) u=30 GeV .."t'\"\:,,:
i , 00 02 04 06 038
R, (01 (5:0) 1 (5:9)) | z
: : : Z. Liu et al. (2020
Medium induced scaling (2020)
violations » = Always enhancement at small z but for
Nucleus
: S0 pions (light hadrons) at very small values —

mostly suppression
= Very pronounced differences between
light and heavy flavor fragmentation

Electron




Light and heavy flavor

suppression at the EIC

5 GeV(e) x 40 GeV(A) N N"(prm.2) Effects are the largest
;] 2<n<d _— D(‘)) _ R, (pr.m.2) = N™(prn)le+au at forward rapidities
- B SR N'(pr.1,2) (p/A going)
= N™(prm) le+p
R e ’
S T — ~ Light pions show the largest nuclear suppression
0.5 F T T e e e — N at the EIC. However to differentiate models of
""" ---- L — :::~,=. hadronization heavy flavor mesons are necessary
008== 3 s 5 5 7 3 Z. Liuetal. (2020)
pr [GeV] Differential
20 r . . . i . 20 . r r r
7t at 5 GeV (e) x 40 GeV (A) D° at 5 GeV (e) x 40 GeV (A)
sl 2GeV<pr<3GeV — —2<13<0 sl 2GeV<pr<3 Gev — —2<15<0




Il. Jet results at the EIC

* The physics of reconstructed
jet modification
H. Li et al. (2020)

1 Jy¥ do/dndpr], ,
— A 2
A [ do/dndpr|,,

Rea(R)

Jet axis

Two types of nuclear effect play a role

Initial-state effects parametrized in nuclear
parton distribution functions or nPDFs
Final-state effects from the interaction of
the jet and the nuclear medium —in-
medium parton showers and jet energy loss

e+Au Anti-k, 2<n<4 R=0.5

] Full

[ | Initial only
Final only PDF: nCTEQI15

[ Full EPPS16

NI IIII|IIII|IIII|I

(63}

L | L L L
15 20
Jet P, (GeV)

—5

Net modification 20-30% even at
the highest CM energy

E-loss has larger role at lower p-.
The EMC effect at larger p+



Separating initial-state from

final-state effects at EIC

A key question — will benefit both nPDF - | 0GEY <IWGeVeraw :
extraction and understanding
hadronization / nuclear matter transport
properties - how to separate initial-state
and final-state effects?

1.0)

R, (R/R (R
o
oo}
)

Define the ratio of modifications for 2 radii o A b
(it is a double ratio) N B

Rr = Rea(R)/ Rea(R = 1)

= Jet energy loss effects are larger at
smaller center of mass energies

I
—
>+
Q
& 1
<
X
N
~ |
n
Q
o
<
®
2 1
>
=

|

R, (R/R (R=1.0)
o
(oo}

R=08

| I I I l I I I

Anti-k, 2<n<d [ r=0s
(electron-nuclear beam combinations) os- e EElR-ea
= Effects can be almost a factor of 2 for ° U e 2
L) . T
small radii. Remarkable as it approaches
magnitudes observed in heavy ion H. Li et al. (2020)

collisions (QGP)

Initial-state effects are successfully
eliminated



lll. Heavy flavor jets

substructure in DIS

; 8
Zy- min(pr1,pra) _ <A312>
PT1 + PT2

Related to the modification of jet cross sections
P2 is the modification of jet substructure. Example
fg=AR., - Softdropped momentum sharing distributions

" g
\ \3T * Modification of both c-jets and b-jets

substructure in eA is relatively small
* Itisdominated by limited phase space

lllustrative study: Kinematically not
possible in DIS but illustrates very well the
difference with HIC
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[\30 10E \l\j 10%£
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= 09 pT=15 ~ 09
o pT=20 & 10 x 100 GeV
= os} pT=25 E=94 GeV < 08
& pT=40 R_04 i)‘ 7722.4, R=1
07p  — pT=60 T 0.7 pr=10 GeV
— pT=80
0.6 : : :
0.1 02 03 04 05 06— ey
0.1 0.2 0.3 0.4 0.5




l1l. Comments on MC implementation

Disclaimer — | am not an expert. Selected results taken from literature, further
developments might exist

vIkese DAYS E\"eRy’n\NC}

15 GsrerR:®




The Original Heavy lon MC -

HIJING

IMHO the thSiCS | talked The original HIJING was developed 30 years ago.
It was used to develop the HI programs at RHIC

?bout has not been rigorously and the LHC X.N.Wang et al. (1991)
incorporated

% p + p. BB v2.0, charged, NSD
S —— 14 Tev (X 100)
46 i etk 0 o 7 Tev (X 100) * CMS, 7 TeV
S | p + p, BB v2.0, NSD, x=«(s) > R T e Bl e 4 CMS, 2.36 TeV
sl TR e+ N— 0.63 Tev (x 0.01) =SCMS, 0.9 Tev
= F 14 TeV — v ATLAS, 0.9 TeV
e b 4 CMS 7 TeV 5 R, 2 #ALICE, 0.9 TeV
« ALICE 2.36 TeV oTHJ 1:&‘"- . e CDF, 0.63 TeV
& = CMS 2.36 TeV S0 R o
o CDF 1.8 TeV —B0oE " Mo o oAt o
= x ALICE 0.9 TeV S f Al e T
v CMS 0.9 Tev = =, i S i
" x STAR 0.2 TeV Eo” L i g
o UAS 0.2 TeV Do e, I a Hy
4 e T ‘s.‘“_
A
5 = x = x(8) GeV/fm 2 g H
10 ¥ LY . _'I
o 10~ 1 1 1 1 I 1 1
2 4 6 8 10 12
Pr [GeV/c]
1
dNcp/dn R™(p1) R™(pTt)
o o é 4 6 8 10 1000
PECUCRapICIoe. M [T T Aurau(b=0) 2000 (— Aurhu(b=0) _ [ p+Au(b=0)

1000

* Energy loss implemented as 1 GeV/fm
(motivated by the string tension)
* Simply a guess

with shadow
and quenching

no quenching

with shadow

I [no shadow
= ‘: no quenching

o no jets
There are new developments such as HIJING ++ S T T A
Pr



PYQUEN and JEWEL

PYQUEN All PYTHIA based

Assumptions for angular gluon distribution

2
Gaussian A  sin @ exp <_(9“790))

db 20> :
Wide dN? . :
g =<1/  Collisional energy loss e
* Soft gluon emission intensity 022 *
. . :
Extra wide %(Xl/\/@ .
) b o v
|. Lokhtin et al. (2006) " " ? £ cevic
JEWEL  Collisional energy loss K. Zapp et al. (2008)
ol 2 implemented
ot = / d|t| ra5(|ﬂ2+ #D)CRS(‘;(j;QDlil) y Radlatlve processes _JUSt 1; + CMS data, 0-5% centrality —=— T4
Passe(2) — (L+ finea) Pasiel2) numerical enhancement of the = Emmemmet.
14 F /
Vel Shower 12 charged hadrons //
Bertsch-Gunion * Later version include Bertsch- I i
Gunion radiation and formation | i
do(GB) q? . . 0.6 {'E/H
dk da, S (e, a2 time prescription to suppress oat 4 ggﬁ{iﬁ’
Tkl —ayr d tion o2 T/sﬁg&ﬁ
radiati 2 s
010 1;)0 1000

Challenged by more differential observables p(GeV)



Other implementations

LIDO model Not a general purpose model W. Ke et al. (2008)
2 e 2 . 2
* The same idea of 72 p < 2
reducing the o 13 s
incoherent radiation 3 |3
* Improvementin x Correction
determining the
suppression factor Let N = 7¢/\. From analysis® of the AMY equation? for the single-gluon emission rate:
Semi-classical rate (N < 1) | Leading-InN (N > 1) NLL
E=16 GeV, a; = 0.3 dR;:Oh x dR;:c’h L o dR;:Oh +7 improved N/
15 4
é - r:eo,—y 3 E=40GeV, T=04,as;=0.3
2 - ..+ Canreproduce
2 . L. . 10-21 w/T=10 |
5 05 2/ radiative spectrum in
3 w=3 GeV / w=3 GeV
0.0 4 RS020H , git Ll the large number of 1t wili=34 |
0 1 2 3 4 ) 0 1 2 3 o
0.3 1.0 . « . 3 w/T =50
. scatterings limit 3 wT=10
5 08 : T 104 =70
x @ s e * Generalized to heavy S w/T=90
g 0.1 //\ e 0.4 y — LT TR quarks 10-5 4 —— Theofy: b=b +g
3 . w=8Gev 02 w=8 GeV —=- Theory: without x3M?
65 =02 00N Wi =04 9e¥ 10-6 1 EEE LIDO simulation
0 1 2 3 4 5 1 2 3 4 5 . - . : ; 3
L [fm] L [fm] ° Dead-con?: 1/p§_ — (pﬁ_ + X2M2)_1 0 1 ) 3 4 5 6 7

t* [fm/c]



Conclusions

= Inthe past 30 years reactions with nuclei have produced spectacular
results. The key to their interpretation is in-medium parton showers

= In-medium splitting functions have been derived using different
methods. In-medium parton showers are softer and broader than the
ones in the vacuum. Experimentally verified. Transverse and longitudinal
degrees of freedom do not factorize

= In-medium splitting functions can be calculated and tabulated
(integrating out the space-time information). Implemented in higher
order and resumed calculations. Very significant effects on hadrons, jets
and jet substructure at the EIC

=  Monte Carlos that incorporate this physics properly do not exist. The
problem is the coherent nature of the emission. Various approximations
and prescriptions how to mimic LPM effect proposed. The detailed
shower characteristics

= For serious implementation of in-medium showers in MC generators
significant effort is needed (LUTs combined with modelling coherence)



Full in medium splitting

functions now available to first order in opacity
G. Ovanesyan et al . (2011)

SCET-based effective theories created to solve

|
F. Ringer et al . (2016)

this problem

Representatlve examp|e
dNmed o] ()_\C'/ dAz /dgq L(I(_T[_l;u‘-d 1+ (1 —.I‘)2 B,
drd?k Q—Qg 272 I', Ag(2) ~oa d2q, r B? + 12 1.4l
X B.L __Cu (1 — cos[(£2; — 29)Az2]) & L .. | CMS
\B 12 T +° SL34 2)A2 1A ‘12 AL+ 1.2‘; Preliminary
B . ) . B C, ‘
O 2. O TSI (7 T | S — cos[(Qa — N3)Az -
B'f} +I/9> (1 — cos[(21 — Q3)Az]) B.i e C'E _U__)(l cos[(2a — N3)Az]) 1 o
+ .,AL =~ ‘,D' = — .,A‘ =~ | (1 — cos[Q4Az]) — .)Al —- _,DJ’ ~(1 — cos[Q5A2]) 0.8|
Al +v2 \Dj +v2 A]+v2)" g Al +v? DT +12 ; j
1 B A : 0.6|
—. — — .jB" = | (1 — cos[(2; — Qa)Az2]) ‘
2 \A{ +v2 Bi{+12)"°
' 0.4
fof
} 0.2
© 0-10%
1

1

"NB v
> (1 — cos[(fu1 — Q2)A2]) + ...

. 1
(Bi +12 C? +12

e 2 1
+z"m [B’l oy
= Forthe first time we were able to do is higher

order and resummed calculations

Full massless and massive in-medium splitting
Q\Q\Q\ \‘\@

Taa and lumi. uncertainty

[ | Y. Chien et al. 0-10%
——— J. Xu et al. 0-10% (h'+x°)

|
by |

10 10°
P, (GeV)

Z.Kang et al . (2015)



Parton branching to any order In

opacity

. _tr[t’tb t*M?] = Cp,

, C e Gy = =
= Treating color (one complication in QCD). W ,
ach pedb d Ne
¢ =y ! tr[t* M9] = — & o
M. Sievert et al . (2018) Cs = 5o Pl Me] = 225 Co,
NCF 2CFr
s 1 4a bbb ral
C4 = j\"’CC'F tr [f t’t Z\[ ] = CO .
1 =1
CJZACCFu[ttt M?] = o . Co
Bz 1 achy rratbparel 17\
T e

—

|
-
-8~
]
F;l
[

= Coloris not entangled,

homogeneous structure and \ m KN b o
Y i £ ) I % o c.c.
multiplicative factors that can be Cﬁé o ﬁgg -[ i }

- : - é o (x"?)
algebraically treated - I e
= Finally, relative to the splitting O %+ {@\E\@-{ jQi} T
- il 1L
vertex we classify the as -2 -L 3 = oL

= |nitial/Initial, Initial/Final, O %@}
Final/Initial and Final/Final E



Generalizing the result to all

In-medium splittings

2

= Note - all splittings have the same topology. dN _
Same - structure, interference phases, da
propagators
Different - mass dependence, wavefunctions,
color (which also affects transport coefficients)

@——<I-’w—<|-@—<

8ra, f(x)

[h:‘} + v2m?| [fi’TQ + v2m?2]

2 P .
K +v'm~

((z,5) ¥* (@, ) =

g(z) (ﬁ.ﬁ’) - 1/47722} AE™ (k) = — 2z(1 — x)p™

= Mastertable that gives all ingredients

diy dy ds dy ds dg | v1 v V3 Uy )\E Co v f(z) g(x)
G/g|1 1 C\_J N éﬁ,‘ 22, gc\, = Ec\l 22, Ad Cp| = l1—x 14+ (1 —2z)?
9/9 |1 1 g angr wgy 2or |73 7 agp w0p|%g CF|l-@ z L +22
a/CG|1 §F 5 3 3w |72 av wor wz|Me 3| L z(l-2) 2 +(1-2)
G/G|1 1 1 § 3 —3|-3% -3 -3 3 |[M N| 0 1+z'+(1-2) 1

We have now solved the problem for all splitting functions
M. Sievert et al . (2019)



Improvements in physics & code

C.Shen et al. (2014)

T=0.60fm/c

[GeV]

0.3

0.1

Quark

Vegas (NDIM, NCOWP, Integrand_aggnocuts, USERDATA,
EPSREL, EPSABS, verbose, SEED,
MINEVAL, MAXEVAL, NSTART, NINCREASE, NBATCH,
GRIDNO, 'STATEFILE,
sneval, &fail, integral, error, prob);

if (int_id==2)

Suave(NDIM, NCOMP, Integrand_gggnocuts, USERDATA,
EPSREL, EPSABS, verbose | LAST, SEED,
MINEVAL, MAXEVAL, NNEW, FLATNESS,

STATEFILE,
&nregions, &neval, &fail, integral, error, prob);
¥

if (int i

Divonne(NDIM, NCOMP, Integrand_gqgnocuts, USERDATA,
EPSREL, EPSABS, verbose, SEED.
MINEVAL, MAXEVAL, , KEY2, KEY3, MAXPASS,
BORDER, ‘MAXCHISQ, MINDEVIATION,

NGIVEN, LDXGIVEN, NULL, NEXTRA, NULL,
STATEFILE,
snregions, &neval, &fail, integral, error, prob);

if (int_i
{

Cuhre(NDIM, NCOMP, Integrand gggnocuts, USERDATA,
L, EPSABS, verbose | LAST,
. MAXEVAL, KEY,
STATEFILE,
&nregions, &neval, &fail, integral, error, prob);

Vegas (NDIM, NCOMP, Integrand gggnocuts, USERDATA,
EPSABS, verbose, A
, MAXEVAL, NSTART, NINCREASE, NBATCH,
GRIDNO, _STATEFILE
2018/01/27-14:27 colil 3

if(cut_i

switch(split_id)
<

&Integrand_gagnocuts; break;
&Integrand_gggnocuts; break;
SIntegrand_gqgnocuts; break;
&Integrand_qganocuts; break;

id , split_id);

44971 1in:1459,1631 919

Refactoring

Code is restructured (in C++) and
shortened (24K — 8K lines). 20x speed

improvement
Effective incorporation of
simulated QGP medium

Reduced overhead for calling QGP
medium grid function. 2x speed
improvement

Efficient on-node parallelization

New parallelization shows much better
scaling 10x speed improvement

Overall improvement:
18 days — 1 hour



